Introduction
The teleost retina is a model for studying cellular and molecular mechanisms underlying retinal regeneration (Brockerhoff and Fadool, 2011; Fleisch et al., 2011; Nelson and Hyde, 2012) . Following neuronal death, Müller glia undergo cell division to yield neuronal progenitors that continue to proliferate, migrate, and differentiate into the lost retinal cell types (Yurco and Cameron, 2005; Fausett and Goldman, 2006; Bernardos et al., 2007; Fimbel et al., 2007; Kassen et al., 2007; Thummel et al., 2008a) . While avian and mammalian Müller glia exhibit limited proliferation, they cannot regenerate significant numbers of neurons and restore vision (Rowan and Cepko, 2004; Bringmann et al., 2006; Fischer et al., 2009; Karl and Reh, 2010) . Therefore, identifying the signaling events required for zebrafish retinal regeneration could yield approaches to induce mammalian retinal regeneration.
Several proteins have been identified that are necessary to regenerate the damaged zebrafish retina (Fausett et al., 2008; Thummel et al., 2008a; Calinescu et al., 2009; Qin et al., 2009; Ramachandran et al., 2010; Nelson et al., 2012; Powell et al., 2012; Wan et al., 2012) . Heparin-binding epidermal-like growth factor (HB-EGF) is necessary and sufficient to induce Müller glia proliferation (Wan et al., 2012) . However, HB-EGF is not expressed in damaged neurons, suggesting that unidentified molecules or processes induce Mü ller glia proliferation in the damaged zebrafish retina.
Tumor necrosis factor ␣ (TNF␣) is a secreted proinflammatory cytokine that signals several cellular processes, including apoptosis, cell survival, and proliferation (Tartaglia et al., 1993; Cheng, 1994; Chan and Leonard, 2000; Gupta, 2001) . TNF␣ signaling activates pro-mitotic Stat proteins (Guo et al., 1998; Wang et al., 2000; Do et al., 2010) , including Stat3 in a variety of cells and tissues (Guo et al., 1998; MacEwan, 2002; Miscia et al., 2002; Romanatto et al., 2007; Mori et al., 2011) . TNF␣ activation of Stat3 promotes ex vivo human neuronal progenitor cell proliferation and gliogenesis (Peng et al., 2008 (Peng et al., , 2011 . TNF␣ also stimulates Tumor necrosis factor associated protein-1 (TRAP1), which stabilizes the retinoblastoma protein during mitosis (Chen et al., 1996) , regulates pro-mitotic gene expression (Liu et al., 2010) , and mediates Stat3 phosphorylation and activation in the mouse brain (Kubota et al., 2009 ).
To determine whether dying photoreceptors induced Müller glia proliferation, we analyzed light-damaged retinal homogenates that stimulated Müller glial cell division when injected into undamaged eyes. This homogenate contained several proteins with increased expression relative to undamaged retinal homogenates, including TRAP1. We therefore characterized TNF␣ expression in the light-damaged retina and demonstrated that TNF␣ is expressed in apoptotic photoreceptors, followed by the Müller glia. TNF␣ was found to be necessary for both Stat3 and Asc1la expression, and Müller glia proliferation. Similarly, apoptotic inner retinal neurons and persistent Müller glia in the ouabain-damaged retina exhibit increased TNF␣ expression, which is required for maximal Müller glia proliferation. Thus, TNF␣ is a general signal from apoptotic neurons to initiate Mül-ler glia proliferation through the Ascl1a and Stat3 proteins in the damaged zebrafish retina.
Materials and Methods
Fish maintenance. Wild-type AB, albino, albino Tg[gfap:EGFP]nt11 , and Tg[rho:Eco.NfsB-EGFP]nt19 lines of zebrafish (Danio rerio) were maintained in the Center for Zebrafish Research at the University of Notre Dame Freimann Life Science Center. The adult zebrafish used in these studies were 6 -18 months old and 4 -5 cm in length. Fish were maintained under a light and dark cycle of 14 h light (250 lux) and 10 h of dark at 28.5°C. All experimental protocols in this study were approved by the University of Notre Dame Animal Care and Use Committee and are in compliance with the Association for Research in Vision and Ophthalmology statement for the use of animals in vision research.
Retinal damage paradigms. Constant intense-light treatment (Vihtelic and Hyde, 2000; Vihtelic et al., 2006) was used to kill rod and cone photoreceptors in adult albino zebrafish. The albino fish were darkadapted for 14 d and then placed in clear polycarbonate tanks between four 54 W mercury fluorescent bulbs producing a light intensity of 20,000 lux. The constant light was maintained for up to 4 d, after which they were returned to standard light conditions.
Inner retinal neurons (ganglion cells, amacrine cells, and bipolar cells) were killed by intravitreal injection of ouabain at a final vitreal concentration of 2 M (Fimbel et al., 2007) . A double-edged sapphire microknife (World Precision Instruments) was used to make a small incision in the posterior cornea adjacent to the lens and the appropriate volume (0.2-0.5 l) of a freshly prepared ouabain solution (MP Biomedicals) was injected using a blunt-end 33 gauge Hamilton syringe.
Preparation and intravitreal injection of retinal lysates. Total retinal lysates were generated by isolating 40 -60 retinas either from darkadapted controls or after 16 h of constant intense light and suspending them in 1.5 ml centrifuge tubes kept frozen on dry ice containing 0.4 l of 1ϫ PBS, pH 7.4, containing a protease inhibitor (Roche Diagnostics) per retina and then briefly sonicated. The recipient adult zebrafish were anesthetized in 2-phenoxyethanol (diluted 1:1000 in system water). A double-edged sapphire microknife was used to make a small incision in the cornea and 0.5 l of homogenized retinal lysate was injected using a 33 gauge Hamilton syringe into the intravitreal space of the eye. The fish were revived and returned to standard light conditions.
Intravitreal injection of recombinant HB-EGF. Recombinant HB-EGF (R&D Systems) was diluted in sterile 1ϫ PBS, 0.1% bovine serum albumin (BSA; vehicle) to a concentration of either 200 ng/l or 100 ng/l as described previously (Wan et al., 2012) . A small incision in the posterior cornea adjacent to the lens was created using a double-edged sapphire blade (World Precision Instruments). A blunt-end 33 gauge Hamilton syringe was used to inject either the PBS/0.1% BSA vehicle solution (control) or 2 l of 100 ng/l or 1 l of 200 ng/l HB-EGF solution into the vitreous of the left eye of each fish for 3 consecutive days. At 2 or 3 d after the third injection, the fish were killed and the eyes were enucleated and processed for immunohistochemistry.
Proteomic analysis. Total dorsal retinal proteins were isolated from either 100 undamaged dorsal retinas or from 100 16 h light-damaged dorsal retinas, suspended in 1.5 ml centrifuge tubes, and kept frozen on dry ice containing 1 l of 1ϫ PBS containing a protease inhibitor (Roche Diagnostics) and 1% Triton X-100 per retina and then briefly sonicated. The homogenates were separately labeled with either Cy3 or Cy5, combined, and then separated by 2D gel electrophoresis (Applied Biomics). Changes in protein expression levels were quantified by comparing the fluorescence intensities of control and 16 h light damaged spots. Spots that increased in intensity by at least twofold were picked from the gels, trypsin digested, and analyzed by MALDI-TOF mass spectrometry (Applied Biomics). Combined use of peptide mass fingerprinting of the mass spectrometry spectra and peptide fragmentation mapping-derived sequences were analyzed by GPS Explorer software equipped with the MASCOT search engine to identify proteins from primary sequence databases. As noted in the text, the full list of identified proteins is found in Table 1 .
Western blotting. Dorsal retinas were isolated, homogenized in 1ϫ PBS/1% Triton X-100 and protease inhibitor (Roche Diagnostics), and incubated on ice for 1 h. Lysates were briefly centrifuged to remove Triton X-100-insoluble debris and the equivalent of two dorsal retinas was combined with 2ϫ Laemmli sample buffer and 10ϫ reducing agent (Invitrogen). Proteins were processed, electrophoresed, and transferred to Hybond PDVF membranes (GE Healthcare) as described previously . The membranes were blocked in PBS/5% nonfat dry milk/0.1% Tween 20 for 1 h at room temperature and then incubated with either rabbit anti-TNF␣ (1:2000; AnaSpec) or mouse anti-actin (1:10,000; EMD Millipore) overnight at 4°C. The membranes were washed, incubated with horseradish peroxidase-conjugated secondary antibodies (1:10,000; GE Healthcare), and detected using the ECL-Prime detection system (GE Healthcare) as described previously .
Immunohistochemistry. Zebrafish were killed at designated times during treatment by an overdose of 2-phenoxyethanol anesthesia. Eyes were enucleated, fixed in either 9:1 ethanolic formaldehyde (100% ethanol: 37% formaldehyde) or 4% PFA (4% paraformaldehyde, 5% sucrose, 1ϫ PBS), processed, and sectioned as described previously Nelson et al., 2012) .
Slides were incubated at 50°C for 20 -30 min and then rehydrated in 1ϫ PBS at room temperature for 20 min. Sections that underwent antigen retrieval (labeling with either anti-PCNA or anti-Ascl1a on 4% PFA fixed tissues) were boiled in 10 mM sodium citrate, pH 6.0, with 0.1% Tween 20 for 15 min and then cooled at room temperature (over ϳ40 min). All retinal sections were blocked and incubated with primary antibodies overnight at 25°C as previously described Nelson et al., 2012) . Primary antibodies used in this study were the mouse anti-PCNA monoclonal antibody (1:1000, clone PC10; Sigma Chemical), rabbit anti-PCNA polyclonal antiserum (1:750; Abcam), mouse anti-EGFP monoclonal antibody (1:1000; Invitrogen,), rabbit anti-EGFP polyclonal antiserum (1:1000; Invitrogen), rabbit anti-Stat3 polyclonal antiserum (1:100; Kassen et al., 2007) , rabbit anti-Ascl1 polyclonal antiserum (1:50; Sigma-Aldrich), rabbit anti-TNF␣ polyclonal antiserum (1:30; AnaSpec), mouse monoclonal antibody 4C4 (1:250; generous gift from Dr. Jonathan Scholes, University College London), mouse anti-HuC/D monoclonal antibody (1:30; Invitrogen), rabbit antirhodopsin polyclonal antiserum (1:5000; Vihtelic et al., 1999) , rabbit anti-UV opsin polyclonal antiserum (1:1000; Vihtelic et al., 1999) , and rabbit anti-blue opsin polyclonal antiserum (1:250; Vihtelic et al., 1999) . Sections were washed and incubated in secondary antibody diluted 1:500 in 1ϫ PBS/0.05% Tween 20 for 1 h at room temperature. Secondary antibodies used in this study were Alexa Fluor goat anti-primary IgG 488, 568, 594, and 647 (1:500; Invitrogen). Nuclei were labeled with TO-PRO-3 (Invitrogen) diluted 1:1000 in 1ϫ PBS/0.05% Tween 20. Slides were washed and mounted with glass coverslips and Vectashield mounting medium (Vector Laboratories).
Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling (TUNEL) was performed to identify apoptotic cells in frozen retinal sections using the ApoAlert DNA Fragmentation Assay kit (Clontech) in label buffer containing 2% biotinylated dUTP (New England BioLabs) as previously described . Sections were processed and dUTP was detected as described previously .
In situ hybridization. Total RNA was isolated from zebrafish embryos at 48 h postfertilization (hpf) using Trizol (Invitrogen) and then reverse transcribed using random primers with the Superscript III Preamplification System (Invitrogen). The tnf␣ cDNA was amplified using Platinum Taq (Invitrogen) and two primers (Forward 5Ј GCTGGTGATGGT-GTCTAGGAGGA 3Ј and Reverse 5ЈTGTTGGCGGCACATTGCCAAGA 3Ј) with an annealing temperature of 58°C. The ϳ750 bp PCR product was gel purified (QIAquick Gel Extraction; Qiagen), cloned into pCRII-TOPO, and then sequenced to confirm the identity of the tnf␣ cDNA.
The tnf␣ cDNA was subcloned into the pCRII-TOPO (Invitrogen) vector and antisense and sense digoxigenin (DIG)-labeled RNA probes were in vitro transcribed (Roche DIG RNA Labeling Kit SP6/T7). The tnf␣ cDNA plasmid was linearized with either BamHI (antisense probe) or NotI (sense probe), precipitated, and in vitro transcribed with either T7 or SP6 RNA polymerase, respectively. The in vitro transcription reactions were terminated by adding 0.2 M EDTA and the riboprobes were precipitated using ammonium acetate and 100% ethanol. The quality of the in vitro transcribed RNA was confirmed by electrophoresis through a 1% agarose formaldehyde gel.
The hb-egfa cDNA was synthesized from total RNA isolated from undamaged retinas using Trizol and reverse transcribed as described above. The single-stranded DNA was PCR amplified using Platinum TaqPCR, the hb-egfa Forward primer TGAGTTCTCTGGGGATTATGGG and the Reverse primer ATTAGGGCAGGACGAAGTTGGT (Wan et al., 2012) at an annealing temperature of 55.5°. The 982 bp hb-egfa cDNA was gel purified and cloned into the pCRII-TOPO vector. The antisense and sense DIG-labeled RNA probes were synthesized in vitro using BamHIlinearized vector and T7 RNA polymerase (antisense probe) or NotIlinearized vector and SP6 RNA polymerase (sense probe).
Whole eyes were fixed overnight at 4°C in 4% PFA, cryopreserved, and sectioned at 14 m. In situ hybridization was performed on retinal cryosections as previously described (Hitchcock and Kakuk-Atkins, 2004) with minor modifications. The procedure was performed at room temperature unless otherwise noted. Retinal sections were thawed from Ϫ80°C to room temperature for 1 h and rehydrated in an ethanol/DEPC water series of 100, 95, 70, and 50% for 1 min each. The slides were washed in 2ϫ SSC for 1 min followed by a proteinase K (30 l of 20 mg/ml stock into 50 ml of buffer [0.1 M Tris-HCl, pH 8.0, and 50 mM EDTA]) treatment at 37°C for 4.5 min. The proteinase K was washed off with DEPC water, the sections treated with 0.1 M triethanolamine (TEA) for 3 min, and then incubated in 0.1 M TEA with acetic anhydride for 10 min. The slides were dehydrated in an ethanol/DEPC series: 2ϫ SSC, 50% ethanol, 70% ethanol, 95% ethanol, and twice with 100% ethanol. Sections were dried out at room temperature for 3 h. The probe was diluted into 2 ml of hybridization buffer (200 l of 10ϫ salt [NaCl, Tris-HCl, Tris-Base, sodium phosphate monobasic anhydrous, sodium phosphate dibasic monohydrous], 1 ml of deionized formamide, 400 l 50% dextran sulfate, 200 l tRNA (50 mg/ml), 40 l 50ϫ Denhardt's solution, and 160 l DEPC water) and heated to 95°C for 5 min, snap cooled on ice for 2 min, placed over sections (100 l at 1 ng/1 l), and coverslipped with HybridSlips (Grace Bio-Labs). Sections were hybridized with riboprobe overnight at 55°C in a humidity chamber. After hybridization, the sections were washed three times with a 1:1 ratio of 2ϫ SSC and deionized formamide plus 0.1% Tween 20 at 55°C for 30 min each, rinsed with MABT (100 mM maleic acid, pH 7.5, 150 mM NaCl, 0.1% Tween 20) for 30 min at 55°C, rinsed in MABT for 30 min at room temperature, and then blocked in MABT with 10% heat-inactivated sheep serum for 1 h. Sections were incubated overnight in a dark humidity chamber at 4°C with anti-DIG AP fragments (Roche)/MABT diluted 1:1500. After antibody incubation, the sections were washed three times for 20 min with MABT, washed twice for 10 min with stain buffer (100 mM Tris-HCl, 100 mM NaCl, 50 mM MgCl 2, pH Ͼ9.0), and then processed with 22.5 l NBT/17.5 l BCIP (both 50 mg/ml stock solution) into 5 ml of stain buffer at room temperature. The reaction was stopped with 0.1 M Tris-HCl, coverslipped, and imaged on a Leica DM 5500B.
Confocal microscopy and statistical analysis. Confocal microscopy was performed with a Leica TCS SP5 confocal microscope. Only retinal sections containing or immediately adjacent to the optic nerve were examined to maintain consistency across experimental and control groups. Labeled cell counts from retinal sections were obtained from either 5-m-thick confocal z-stacks (Stat3 and Ascl1a immunolabeling) or 5-to 8-m-thick confocal z-stacks (all other immunolabeling) that began at the surface of the 14 m tissue sections closest to the coverslip using either the entire retina (retinal lysate injection experiments) or a 350 m linear distance across the dorsal retina centered between the circumferential marginal zone and the optic nerve that consistently received the same degree of damage and reliably resulted in comparable subsequent high levels of Müller glia proliferation (Thomas et al., 2012). Between 10 and 15 experimental and control retinas were examined for each experimental time point. Low-intensity signals were enhanced and background signals were reduced in representative images using the levels function in Adobe Photoshop (Adobe Systems). Levels were adjusted identically to all layers within a panel and to all panels in a figure. Statistical significance was calculated by using a Student's t test (twotailed and two-sample unequal variance). The data met the assumptions of the test in all instances. Actual p values are found in the text, with p values Ͻ 0.05 and 0.01 being considered significant and highly significant, respectively.
Electroporation of morpholinos into the adult zebrafish retina. Lissaminetagged morpholinos (Gene Tools) used in this study included: anti-tnf␣ morpholino (5Ј-AGCTTCATAATTGCTGTATGTCTTA-3Ј) that is complementary to the 5Ј UTR of tnf␣ (Matthews et al., 2009 ), anti-tnf␣ 5-base mismatch control morpholino (5Ј-ACCTTGATAATTCCTCTATCTCT TA-3Ј) that has the mismatched bases italicized, anti-stat3 morpholino that is complementary to the 5Ј UTR of stat3 , anti-ascl1a morpholino that is complementary to the 5Ј UTR of ascl1a (Fausett et al., 2008) , anti-lin28a that is complementary to the 5Ј UTR of lin28a (Ramachandran et al., 2010) , anti-hb-egfa morpholino that is complimentary to the 5Ј UTR of hb-egfa (Wan et al., 2012) , or a Standard Control morpholino (Gene Tools) that is not complementary to any known sequence in the zebrafish genome. Morpholinos were resuspended in water at a working concentration of 3 mM and electroporated into the adult zebrafish retina as previously described (Thummel et al., 2008a) . The electroporated fish were revived before being placed into constant intense light or injected with ouabain.
Quantitative real-time PCR. Total RNA was isolated from dorsal retinas collected before and at 16 h of constant light damage using the RNAqueous (Ambion) protocol and reagents. The cDNA was reverse transcribed by Superscript III first strand synthesis (Invitrogen) and quantified using a NANODROP spectrophotometer (Thermo Scientific). The gene-specific primers used for stat3 and ascl1a amplification were described previously . The protocols for sample preparation and run conditions described in the ABI 7500 (Applied Biosystems) user manual were followed and described previously . Agarose gel electrophoresis and dissociation curve analysis verified that single products were produced with each of the primer pairs used in these experiments. The ⌬⌬CT method was used for data analysis as described previously . The 18S rRNA was used as the reference gene (⌬CT) and three biological replicates were performed in three technical replicates. The normalized ⌬CT values for each gene from each time point were normalized against the control group to yield the ⌬⌬CT, which were used to calculate the log 2 -fold change in gene expression levels.
Results

Photoreceptor cell death produces a factor that induces Müller glia proliferation
Previous studies demonstrated that very low numbers of Müller glia actively divide in the undamaged adult zebrafish retina (Thummel et al., 2008a) . Following light-induced photoreceptor cell death, there is a significant increase in the number of Müller glia that re-enter the cell cycle (Vihtelic and Hyde, 2000; Thummel et al., 2008a) . One potential mechanism for this induction of Müller glia proliferation is that dying photoreceptors express a factor that induces Müller glia to re-enter the cell cycle. We hypothesized that this Müller glia proliferation inducing factor would be present at increased levels when photoreceptor apoptosis is maximal.
To determine the time of maximal photoreceptor cell death, we examined TUNEL during the first 31 h of light damage. While the dark-adapted control retinal sections contained 4.8 Ϯ 2.5 TUNEL-positive nuclei in the outer nuclear layer (ONL), the retinas that had been light treated for 16 and 24 h possessed 88 Ϯ 9 and 82 Ϯ 13 TUNEL-positive nuclei in the ONL, respectively (data not shown). By 31 h of constant light, the number of TUNEL-positive nuclei decreased to 48 Ϯ 16. Consistent with previous results (Vihtelic et al., 2006) , maximal photoreceptor apoptosis was observed at 16 and 24 h of constant light exposure, which represents the time that the potential photoreceptorderived factor that induces Müller glia proliferation was likely to be present. We selected the 16 h time point for analysis (over 24 h) because the regeneration process had already started by 16 h, with increased numbers of proliferating rod precursor cells and Stat3-expressing Müller glia relative to the undamaged retina (Vihtelic and Hyde, 2000; Kassen et al., 2007) .
To determine whether the light-damaged retina expressed a factor that induced Müller glia proliferation, retinas that were either undamaged (control) or light damaged for 16 h were homogenized and separately injected into the vitreous of undamaged eyes (Fig. 1) . Retinal sections containing the optic nerve from 10 individual eyes were labeled for rhodopsin expression to assess the morphology of rod photoreceptors at 1, 2, and 3 d post homogenate injection (dpi; Fig. 1A -F, red). The rhodopsin expression pattern did not change significantly from 1-3 dpi in either control or light-damaged retinal lysates indicating that neither the injection nor the lysates damaged the rods. The strong rhodopsin labeling in the intravitreal space at 1 and 2 dpi confirmed that the donor homogenate was successfully injected and persisted in the recipient eyes ( Fig. 1 A , B, D, E) . PCNA-positive nuclei within the rhodopsin-positive homogenate in the vitreous colocalized with the 4C4 antibody, confirming that these are microglial cells (data not shown).
To confirm that neither the light-damaged homogenate nor the injections resulted in retinal cell death, which would lead to Müller glia proliferation, we examined TUNEL at the three time points. Low numbers of TUNEL-positive cells were found at all three time points in the light-damaged retinal homogenateinjected eyes (Fig. 1J -L, green). We quantified the number of TUNEL-positive nuclei in the uninjected control retina, the undamaged retinal homogenate-injected eyes, and the lightdamaged retinal homogenate-injected eyes. There were no statistically significant differences in the number of TUNELpositive nuclei in any of these retinas at the different time points (Fig. 1O ). These data confirmed that neither the homogenate nor the injection resulted in any significant retinal cell death.
The retinal sections were colabeled for PCNA expression to identify PCNA-positive cells in both the ONL and inner nuclear layer (INL; Fig. 1A -F, green, arrowheads, and arrows, respectively). The number of proliferating ONL rod precursor cells was not statistically different between the uninjected control eyes and the undamaged retinal homogenate-injected eyes (Fig. 1M , red and blue bars, respectively). Similarly, there was no statistical difference in the number of PCNA-positive ONL cells in the undamaged retinal homogenate-injected eyes and the light-damaged retinal homogenate-injected eyes at any of the three time points (Fig. 1M ; blue and green bars, respectively). In contrast, the light-damaged retinal homogenate-injected eyes had significantly more PCNApositive INL cells than either the uninjected control or the undamaged retinal homogenate-injected eyes at 2 and 3 dpi ( Fig. 1N ; green, red, and blue bars, respectively). At 2 and 3 dpi, the light-damaged retinal homogenate-injected retinas possessed 8.2 Ϯ 4.6 and 16.6 Ϯ 4.1 PCNA-positive INL nuclei relative to 2.8 Ϯ 1.8 and 4.1 Ϯ 3.4 PCNA-positive INL nuclei in the undamaged retinal homogenateinjected eyes at 2 and 3 dpi, respectively (p Ͻ 0.005, 0.0001, respectively). The location and morphology of the PCNA-positive nuclei in the damaged retinal homogenate-injected retinas are consistent with that of Müller glia. Furthermore, the light-damaged retinal homogenate-injected retinas possessed small clusters of PCNApositive nuclei at 3 dpi that were similar in morphology to the clus-ters of proliferating INL neuronal progenitors in the light-damaged retina (Vihtelic and Hyde, 2000; Kassen et al., 2007) .
To confirm that the PCNA-positive INL cells in the lightdamaged retinal homogenate-injected retinas were Mü ller glia, we injected the light-damaged homogenate into the Tg-(gfap:EGFP)nt11 transgenic line (Fig. 1G-I, green) , which expresses EGFP specifically in Mü ller glia . At 2 dpi, when we first observed an increased number of PCNA-positive cells, the PCNA colocalized with the EGFPpositive Mü ller glia (Fig. 1H ). Similarly at 3 dpi, the small clusters of PCNA-positive nuclei colocalized with diffuse EGFP-expression in the hypertrophied Mü ller glia (Fig. 1I ). These observations demonstrated that the light-damaged retinal homogenate contained at least one factor that was sufficient to induce the Mü ller glia to re-enter the cell cycle in the absence of any significant retinal cell death.
TRAP1 is expressed at elevated levels in the light-damaged retinal homogenate
To identify proteins and candidate signaling pathways that were present in the light-damaged retinal homogenate that could induce Müller glia proliferation, we undertook a comparative proteomic analysis of the homogenates. Total dorsal retinal proteins were isolated from either undamaged retinas and labeled with Cy3 or from 16 h light-damaged retinas and labeled with Cy5. Both protein homogenates were combined and then separated by 2D gel electrophoresis. Greater than 50 protein spots, which were expressed at least twofold greater in the light-damaged retinal homogenate relative to the undamaged retinal homogenate, were isolated and analyzed via MALDI-TOF mass spectrometry to identify the proteins (Table 1) . One of the proteins corresponded to TRAP1 ( 
TNF␣ expression is elevated in the light-damaged retina
While TNF␣ was not one of the proteins analyzed by MALDI-TOF, we examined the expression of TNF␣ using an immunoblot with total protein homogenates from retinas that were undamaged and exposed to constant light for 16 and 36 h. The control retinal lysates possessed a band of 28 kDa, which corresponded to the expected size of full-length pro-form zebrafish TNF␣ (Fig. 2) . Following 16 h of constant light exposure, the expression of a 17 kDa protein, corresponding to the biologically relevant cleaved and secreted form of TNF␣, increased relative to the control (Fig.  2) . After 36 h of constant light, both the 28 and 17 kDa forms of TNF␣ were elevated (Fig. 2) .
To determine the spatial expression of TNF␣ in the damaged retina, we immunolocalized the TNF␣ protein in the undamaged retina (Fig. 3A) and the light-damaged retina at 16 h of constant light (Fig. 3 B, D,E) and at 36 h when the Müller glia begin proliferating (Fig. 3C, F, G) . In control retinas, TNF␣ expression was observed within the outer plexiform layer (OPL) and the nerve fiber layer (NFL; Fig. 3A , arrowhead and double arrowhead, respectively). After 16 h of constant light, increased TNF␣ expression was associated with cells within the cone cell layer (Fig. 3B,  arrows) , ONL (open arrowhead), OPL (arrowhead), INL (double arrows), and NFL (double arrowhead). By 36 h of constant light, a similar TNF␣ expression pattern was observed, but the number and intensity of INL-labeled cells increased (Fig. 3C , double arrow) and the number and intensity of ONL and cone cell layer expression decreased (open arrowhead and arrow, respectively).
Because TNF␣ is a secreted protein and many different cells are associated with the OPL, we performed in situ hybridization to identify the cells that expressed the tnf␣ transcript. In the undamaged retina, negligible amounts of tnf␣ were detected in both the INL and ONL (Fig. 3) . After 16 h of constant light, the expression of tnf␣ greatly increased in the ONL and, to a lesser extent, cells in the INL (Fig. 3I ) . After 36 h of constant light, the predominant expression of tnf␣ shifted from the ONL to the INL (Fig.  3J ). This suggests that the light damage initially results in increased tnf␣ expression in the ONL photoreceptors, followed by increased expression within a subset of the INL cells.
To determine the identity of the cells that express TNF␣ during the constant light treatment, retinal sections were either immunolabeled with anti-TNF␣ antibodies (Fig. 3D-G) or in situ hybridized with an in vitro transcribed tnf␣ riboprobe (Fig. 3K-O) . After 16 h of constant light, the TUNEL signal in the ONL occasionally colocalized with anti-TNF␣ immunolabeling (Fig.  3D, open arrowhead) . Similarly, strong colocalization was observed between the tnf␣ antisense probes (Fig. 3K, blue) and the TUNEL signal (green) within the ONL (arrows) and cone cell nuclei (arrowheads), which is consistent with the light-induced apoptotic rods and cones. Colocalization between TNF␣ antiserum (Fig. 3E, green) and the double-cone cell marker ZPR1 (red), as well as tnf␣ antisense probe (Fig. 3 L, M, blue) with either Blue opsin immunolabeling (Fig. 3L, green) or EGFP expression (Fig.  3M ) in the rods of the Tg[rho:Eco.NfsB-EGFP]nt19 transgenic line , confirmed that TNF␣ was expressed in both rod and cone photoreceptors at 16 h of constant light. No colocalization was observed between the microglial 4C4 immunolabeling ( Fig. 3G, red ; O, green) and either TNF␣ immunolabeling (Fig. 3G, green) or tnf␣ antisense probes (Fig. 3O,  blue) . After 36 h of constant light, the Tg(gfap:EGFP)nt11 transgenic line, which expresses EGFP in all Müller glia (Fig. 3 F, N , green), exhibited TNF␣ protein (Fig. 3F, red) and tnf␣ mRNA (Fig. 3N, blue) expression in the INL Müller glia. Together, these results demonstrate that TNF␣ expression increases initially in apoptotic rod and cone photoreceptors and then in Müller glia at a time when they are beginning to proliferate.
TNF␣ expression in the light-damaged retina is required for Müller glia proliferation, but not photoreceptor apoptosis To determine whether TNF␣ plays a role in the light-damaged retina, we intravitreally injected and electroporated lissaminetagged morpholinos into dark-adapted albino retinas immediately before placing the fish into constant intense light. One morpholino was designed to bind the 5Ј untranslated region of tnf␣ (tnf␣ MO) to block translation of the TNF␣ protein, while a control morpholino (tnf␣ 5-mis) that contained five mismatched bases will not efficiently bind the tnf␣ 5Ј untranslated region.
After 16 and 36 h of constant intense light, the retinas were immunolabeled for TNF␣ expression (Fig. 4A-D, green) . At 16 h of constant light, control retinas that were electroporated with the 5-base mismatch morpholino (tnf␣ 5-mis) exhibited TNF␣ expression in photoreceptor outer segments (Fig. 4A, arrow) , OPL (bracket), and the nerve fibers in the ganglion cell layer (GCL; asterisk). Following 36 h of constant light, the tnf␣ 5-mis control morphant retinas revealed increased TNF␣ expression in the INL Müller glia (Fig. 4C, arrowheads) . At both time points, light-damaged retinas that were not electroporated with a morpholino were indistinguishable from the tnf␣ 5-mis control morphant retinas (data not shown). In contrast, the tnf␣ morphant retinas either lacked or possessed reduced TNF␣ expression in all of these retinal cell types or layers at 16 and 36 h of constant light (Fig. 4 B, D, respectively) . After 36 h of constant light, immunoblotting of protein lysates isolated from dorsal retinas showed similar expression of both the 28 and 17 kDa TNF␣ protein bands in both controls, while the tnf␣ morphant retinas exhibited a dramatic knockdown of both the 28 and 17 kDa TNF␣ protein expression (Fig. 2) .
To determine whether loss of TNF␣ signaling affected lightinduced photoreceptor cell death, uninjected, tnf␣ 5-mis control and tnf␣ morphant retinas were labeled for TUNEL after 16 h of constant light damage. Uninjected (data not shown) and tnf␣ 5-mis control retinal sections (Fig. 5A ) contained 32.8 Ϯ 4.4 and 28.9 Ϯ 3.7 TUNEL-positive ONL nuclei respectively (Fig. 5C , blue and red bars, respectively). Similarly, the tnf␣ morphant retinas (Fig. 5B ) possessed 30.5 Ϯ 4.5 TUNEL-positive ONL nuclei (Fig. 5C ). Thus, there was no significant difference in the number of TUNEL-positive cells in the tnf␣ morphant retina relative to either of the control retinas ( p ϭ 0.72 and 0.79, respectively), suggesting that TNF␣ is not required for light-induced photoreceptor cell death.
To examine if knockdown of TNF␣ affected cell proliferation in the light-damaged retina, dark-adapted albino zebrafish were either uninjected (data not shown) or injected and electroporated with either tnf␣ 5-mis control morpholino or the tnf␣ morpholino and placed in constant intense light. The eyes were collected at specific time points and retinal sections were immunolabeled for PCNA-positive cells (Fig. 6A-H, green) .
After 16 h of light damage, an average of Ͻ2.0 PCNA-positive cells were observed in the INL of the uninjected, tnf␣ 5-mis control, and tnf␣ morphant retinal sections (Fig. 6I ) . Following 36 h of constant light damage, the tnf␣ morphant retinal sections contained significantly fewer PCNA-positive INL cells (4.3 Ϯ 1.2; Fig. 6 F, I ) compared with the uninjected (26.7 Ϯ 3.7) and tnf␣ 5-mis control sections (21 Ϯ 3.5; Fig. 6I, p Ͻ 0.001 for each) . After 51 h of constant light, tnf␣ morphant retinas also contained significantly fewer PCNA-positive INL cells (9.1 Ϯ 2.7; Fig. 6G,I ) 
The number of proliferating Müller glia is amplified through Müller glia expression of TNF␣
TNF␣ is expressed at 16 h in the dying/damaged photoreceptors and then at 36 h in the Müller glia as they begin to proliferate (Fig.  3) . Electroporation of the tnf␣ morpholino at the start of constant light treatment inhibited TNF␣ expression in both the photoreceptors and Müller glia, resulting in a significant reduction in the number of PCNA-positive Müller glia (Fig. 6) . To assess the role of TNF␣ expression primarily in the Müller glia, darkadapted albino zebrafish were either uninjected or injected and electroporated with either the tnf␣ 5-mis control morpholino or the tnf␣ morpholino into the retina following 16 h of light damage. The retinas were collected and labeled with anti-TNF␣ antisera after a total of 36 h of light treatment. The uninjected retinas (data not shown) were indistinguishable from the tnf␣ 5-mis control retinas, with robust anti-TNF␣ labeling in both the OPL and the INL Müller glia (Fig. 7A , bracket and double arrows, respectively). In contrast, the tnf␣ morphant retinas had dramatically reduced TNF␣ labeling relative to the controls (Fig. 7E) . Injection and electroporation of the tnf␣ morpholino after 16 h of light treatment appears to have effectively knocked down TNF␣ expression in the Müller glia, the apoptotic photoreceptors, and the NFL at 36 h. Because the majority of TNF␣ expression in the apoptotic photoreceptors occurred at or before 16 h (Fig. 3B) and most of the TNF␣ expression in the Müller glia occurred after 16 h (Fig. 3C) , the electroporation of the tnf␣ morpholino after 16 h of light treatment primarily reduced TNF␣ expression in the Müller glia.
immunolabeled for TNF␣ (A-E, G, green; F, red) or in situ hybridized with tnf␣ antisense riboprobe (H-O). TNF␣ antisera weakly labeled the NFL and OPL in undamaged control retinas (A, double arrowhead and arrowhead, respectively). At 16 and 36 h of constant light (B and C, respectively), TNF␣ expression increased in the OPL (arrowhead), ONL (open arrowhead), photoreceptor outer segments (arrow), INL (double arrow), NFL (double arrowhead), and retinal pigmented epithelium (RPE; asterisk). Following 36 h of constant intense light (C), TNF␣ antisera labeling in the INL reveals cells with processes that span from the GCL to the ONL (double arrow). At 16 h of light, TNF␣ colocalized with some TUNEL-positive ONL cells (D, open arrowhead and inset) and ZPR1-positive double cones (E, arrows and inset). At 36 h, TNF␣ colocalized with EGFP-positive Müller glia (F, double arrow and inset) in the Tg
We knocked down the expression of TNF␣ after 16 h of intense light and examined PCNA expression in retinal sections after 36, 51, or 68 h of total constant light (Fig. 7B-D, F-H To determine whether this significant reduction in the number of PCNA-positive cells was due to either fewer Müller glia re-entering the cell cycle or reduced numbers of proliferating neuronal progenitors in each cluster, we quantified the number of clusters of PCNA-positive cells, with the assumption that a cluster of proliferating neuronal progenitor cells was derived from a single Müller glial cell. At 68 h of constant light, uninjected and tnf␣ 5-mis control retinal sections contained 18.9 Ϯ 1.3 and 18.1 Ϯ 1.4 clusters of PCNA-positive cells relative to only 13.3 Ϯ 1.2 clusters in the tnf␣ morphants (Fig. 7J , p Ͻ 0.02). This significantly reduced number of PCNA-positive cell clusters in the tnf␣ morphant relative to the controls demonstrated that TNF␣ expression in the Müller glia was necessary to increase the number of proliferating Müller glia in the light-damaged retina.
TNF␣ expression in the light-damaged retina is required for Stat3 and Ascl1a expression
To determine whether TNF␣ signaling is required for the increased expression of the transcription factors Stat3 or Ascl1a in the light-damaged retina (Fausett et al., 2008; Nelson et al., 2012) , we immunolocalized Stat3 and Ascl1a in tnf␣ 5-mis albino control retinas (Fig. 8 A, B, respectively) , and tnf␣ morphant albino retinas (Fig. 8 D, E) after 36 h of constant intense light. Uninjected retinas contained 62.7 Ϯ 4.0 Stat3-positive cells and 31.8 Ϯ 2.8 Ascl1a-positive cells (Fig. 8C, blue bars) . The tnf␣ 5-mis control retinas contained similar, high numbers of Stat3-positive and Ascl1a-positive INL cells (Fig. 8A-C, red bars) . In contrast, tnf␣ morphant retinas contained only 14.7 Ϯ 4.6 Stat3-positive and 9.3 Ϯ 3.0 Ascl1a-positive cells (Fig. 8C, green bars, D, E) , which were both significantly reduced in number relative to the tnf␣ 5-mis control retinas ( p ϭ 0.003 and 0.02, respectively).
To confirm that TNF␣ is required for the expression of Stat3 and Ascl1a, we used quantitative real-time PCR (qRT-PCR) to examine the expression of the stat3 and ascl1a transcripts in darkadapted albino zebrafish that were either uninjected or injected and electroporated with either the tnf␣ 5-mis control morpholino or the tnf␣ morpholino. As expected ; Bailey et al., 2010; Nelson et al., 2012) , both stat3 and ascl1a RNA expression increased significantly within the first 16 h of constant light treatment in both the uninjected and tnf␣ 5-mis morpholino controls (Fig. 8F ) . However, both stat3 and ascl1a RNA expression was significantly reduced in the tnf␣ morphant after 16 h of light relative to either the uninjected (Fig. 8F , p ϭ 0.01 and 0.04, respectively) or tnf␣ 5-mis control morphant (Fig. 8F , p ϭ 0.02 and 0.04, respectively). While knockdown of TNF␣ expression could reduce the number of Müller glia (Thummel et al., 2008a) , which in turn would reduce the overall expression of stat3 and ascl1a in the light-damaged retina, we observed equal numbers of Müller glia after 48 h of constant light in the tnf␣ morphant and uninjected control retinas (data not shown). Additionally, we did not detect TUNEL-positive INL cells in either the tnf␣ morphant or uninjected control retinas after 48 h of constant light (data not shown). Together, these data indicated that TNF␣ signaling resides upstream and is required for both Stat3 and Ascl1a expression during the earliest stages of retinal regeneration.
We previously described a model where the expression of Lin28a, Ascl1a, and Stat3 are all required in a subset of proliferating Müller glia to induce a different subset of Müller glia to re-enter the cell cycle . Because Müller glial expression of TNF␣ appeared to be required to induce additional Müller glia to proliferate (Fig. 7) , we examined if either Lin28a, Ascl1a, or Stat3 are required for TNF␣ expression in the Müller glia. Dark-adapted albino zebrafish were injected and electroporated with either the Standard Control morpholino (S.C. MO, which is not complementary to any known sequence in the zebrafish genome), the tnf␣ morpholino, stat3 morpholino, ascl1a morpholino, or the lin28a morpholino, and then exposed to constant intense light for 36 h. The Standard Control morphant retinas exhibited TNF␣ expression in the OPL and the Müller glia in the INL (Fig. 9A , bracket and arrows, respectively). The tnf␣ morphant retinas lacked the TNF␣ immunostaining in both the OPL and INL (Fig. 9B) . In contrast, the stat3 (Fig. 9C), ascl1a (Fig. 9D), and lin28a (Fig. 9E ) morphant retinas possessed a significant amount of TNF␣ immunostaining in the OPL, but showed dramatically less TNF␣ expression in the Müller glia relative to the Standard Control morphant. Thus, Stat3, Ascl1a, and Lin28a expression are required for TNF␣ expression in the Müller glia, but not in either the OPL or NFL. Fig. 10 B, E, blue and red bars, respectively). Thus, the tnf␣ morphant exhibited delayed Müller glia proliferation relative to controls.
Morpholino-mediated knockdown of TNF␣ does not block rod and cone regeneration in the light-damaged retina
We examined if the delayed Müller glia proliferation in the lightdamaged tnf␣ morphant still regenerated rod and cone photoreceptors. We confirmed the extent of rod and cone photoreceptor cell loss in the light-damaged tnf␣ morphants relative to the controls. After 96 h of constant light, uninjected (data not shown), tnf␣ 5-mismatch retinas (Fig. 11A,E,I ) and tnf␣ morphant retinas (Fig.  11B ,F,J) contained very low levels of Rhodopsin-, Blue opsin-, and UV opsin-expressing photoreceptors, suggesting a similar extent of photoreceptor cell loss in the tnf␣ morphant and the control retinas. However, the control retinas possessed a thicker and more densely packed ONL relative to the tnf␣ morphant ONL. This is likely due to the tnf␣ morphants failing to generate large numbers of progenitor cells that migrated to the ONL by 96 h of light treatment (Fig. 6) .
We next examined the extent of photoreceptor cell regeneration 14 d after terminating 96 h of constant light. Uninjected (data not shown) and tnf␣ 5-mis retinas (Fig. 11C,G,K) contained high levels of Rhodopsin-, Blue opsin-, and UV opsin-labeled photoreceptor outer segments, indicating that rods, double cones, and UV cones had regenerated, respectively. The tnf␣ morphants possessed similar levels of double and UV cone outer segments relative to the controls (Fig. 11H,L, respectively) , suggesting that cones had regenerated in the tnf␣ morphant. The tnf␣ morphants also possessed rhodopsinpositive rod outer segments, although they were shorter than the controls, suggesting that rod photoreceptor regeneration was delayed in the tnf␣ morphant relative to the controls.
TNF␣ is required for Müller glia proliferation in the ouabain-damaged retina
We were interested if TNF␣ is expressed in only dying photoreceptors or if it is expressed in other dying retinal neurons as a prerequisite to induce Müller glia to re-enter the cell cycle. This would reveal whether TNF␣ served as a specific signal to Müller glia to proliferate and regenerate only photoreceptor cells or if TNF␣ was a general signal to induce Müller glia to re-enter the cell cycle to regenerate retinal neuronal classes in addition to photoreceptors.
To distinguish between these two possibilities, we intravitreally injected a low concentration of ouabain to induce the death of ganglion, amacrine, and bipolar cells without causing any significant photoreceptor cell death (Fimbel et al., 2007) . We immunolocalized TNF␣ expression at 0, 1, and 3 d post ouabain injection. In the undamaged retina, TNF␣ expression was weakly detected in the OPL and NFL (Fig.  12 A, B) . At 1 d post ouabain injection, TNF␣ expression increased dramatically in the OPL, the NFL, and cells within the GCL and INL that were morphologically different from Müller glia (Fig. 12C,D , bar, asterisks, and arrowheads, respectively). Some of the TNF␣-positive cells in the INL and GCL coexpressed HuC/D (Fig. 12D, red) , demonstrating that they were amacrine and ganglion cells, respectively. Colocalization of TNF␣ and TUNEL at 1 d post ouabain injection confirmed that TUNEL-positive ganglion cells and INL cells expressed TNF␣ (Fig.  12E) . At 3 d postinjection, the TNF␣ expression persisted in the OPL, INL, and GCL, but was now also detected within INL cells that were morphologically similar to Müller glia (Fig. 12G,H, arrows) . Immunolocalization of TNF␣ in the ouabaindamaged Tg(gfap:EGFP)nt11 transgenic retinas confirmed that many TNF␣-positive INL cells were Müller glia at 3 d after ouabain injection (Fig. 12I,J, arrows) . Thus, ouabain-induced inner retinal damage stimulated TNF␣ expression in apoptotic inner retinal neurons and subsequently the Müller glia.
To determine whether TNF␣ expression was required to induce Müller glia to re-enter the cell cycle in the ouabaindamaged retina, in the absence of significant photoreceptor cell damage (Fimbel et al., 2007) , we intravitreally injected a final concentration of 2 M ouabain immediately following injecting nothing (Fig. 13A, Ouabain control) or injecting and electroporating either the tnf␣ 5-mismatch control morpholino or the tnf␣ morpholino (Fig. 13 B, C) . At 3 d postinjection, both the uninjected and the tnf␣ 5-mis control retinas contained similar numbers of PCNA-positive cells, 57.0 Ϯ 4.9 and 52.8 Ϯ 4.0, respectively (Fig. 13A ,B,D; blue and red bars, respectively). In contrast, the tnf␣ morphants contained significantly fewer PCNApositive cells, 29.9 Ϯ 6.5 (Fig. 13C,D , green bar, p ϭ 0.008 relative to the tnf␣ 5-mis control). These results demonstrated that both apoptotic photoreceptors and INL/GCL neurons expressed TNF␣ that was required for inducing maximal numbers of proliferating Müller glia. Furthermore, this demonstrates that TNF␣ plays a general role to initiate Müller glia proliferation in response to the loss of any neuronal cell-type within the zebrafish retina.
Human-recombinant HB-EGF is not sufficient to induce Müller glia proliferation
Because HB-EGF was previously shown to be both necessary and sufficient for Müller glia proliferation (Wan et al., 2012) , we sought to examine if HB-EGF was sufficient to induce TNF␣ expression in either neurons or Müller glia. We intravitreally injected either human recombinant HB-EGF protein (Fig.  14C,D) , which was sufficient to stimulate Müller glia prolifera- . Some Stat3-labeled cells were PCNA positive and others were PCNA negative in the control (A, arrows and arrowheads, respectively). In contrast, all the Ascl1a-labeled cells coexpressed PCNA in the control (B). Relative to both controls (C; blue and red bars), the tnf␣ morphant (green bars) possessed significantly fewer Stat3-positive cells and Ascl1a-labeled cells than either the uninjected or tnf␣ 5-mis controls ( p Ͻ 0.05, n ϭ 10). Total RNA was isolated from dorsal retinas of dark-adapted albino fish that were not light damaged (0 h uninject), placed in constant light for 16 h (16 h Lt uninject), and fish that were intravitreally injected and electroporated with either the lissamine-tagged tnf␣ 5-mismatch morpholinos (tnf␣ 5-mis) or translation-inhibiting tnf␣ morpholinos (tnf␣ MO) and light damaged for 16 h. The log 2 of the mean expression for stat3 and ascl1a determined by qRT-PCR (H; blue and red bars, respectively; n ϭ 3) was plotted. The stat3 and ascl1a expression was significantly increased in both 16 h light-damaged control groups relative to the undamaged 0 h control ( p Ͻ 0.05). Additionally, the expression of both stat3 and ascl1a was significantly reduced in the light-damaged tnf␣ morphants relative to either of the light-damaged controls ( p Ͻ 0.04). Scale bar: (in A), A, B, D, E, 50 m. Müller glia proliferation. Intravitreal injection of light-damaged retinal homogenates collected after 16 h of constant light was sufficient to induce significantly more proliferating Müller glia, without causing neuronal cell death, relative to undamaged retinal homogenates. While the light-damaged homogenate induced far fewer proliferating Müller glia relative to the light-damaged retina, this could be due to diffusion of the homogenate's signaling molecules into the vitreous, reduced penetration of the signals through the retina, or degradation of the signaling molecules. Additionally, the reduced number of proliferating Müller glia may be due to the absence of any cell death and the retention of cell-cell contacts.
Immunolocalization and in situ hybridization confirmed that TNF␣ expression increased in apoptotic photoreceptors and later in Müller glia. Knockdown of TNF␣ expression before the start of the light treatment dramatically reduced TNF␣ expression throughout the retina and significantly reduced the number of PCNA-labeled INL cells by 82% relative to control retinas. In contrast, knockdown of TNF␣ expression after 16 h of light treatment inhibited TNF␣ expression in the Müller glia, but not in photoreceptor cells, the OPL, and NFL. This latter knockdown significantly reduced the number of PCNA-labeled INL cells by 40% relative to controls, similar to the 50% reduction of proliferating Müller glia in the stat3 morphant retina relative to controls . This suggests that Müller glial-derived TNF␣ and Stat3 function at a similar point that induces maximal numbers of proliferating Müller glia. Additionally, knockdown of TNF␣ expression in only the Müller glia yielded fewer PCNAlabeled INL cell clusters, rather than fewer neuronal progenitor cells per cluster. Because each proliferating INL cell cluster likely represents the neuronal progenitor cells derived from a single proliferating Müller glial cell, the reduced number of proliferating clusters likely corresponds to fewer Müller glia re-entering the cell cycle. Thus, apoptotic photoreceptor-derived TNF␣ expression induced an initial population of Müller glia to re-enter the cell cycle, while the Müller glia-derived TNF␣ expression induced a secondary population of proliferating Müller glia.
These two populations of proliferating Müller glia are consistent with a model of dying photoreceptors activating a signaling cascade (Lin28a activating Stat3 through Ascl1a) within a subset of Müller glia (Primary Proliferating Müller glia, PPMg; Fig. 14; Ramachandran et al., 2010; Nelson et al., 2012) . Lin28a and Ascl1a, but not Stat3, are required for PPMg proliferation; however, all three are necessary to stimulate a subsequent subset of Müller glia to proliferate (Secondary Proliferating Müller glia, SPMg). This study demonstrates that TNF␣ is a signal produced by dying neurons that is necessary for expressing Stat3 and Ascl1a in Müller glia, as well as Müller glia proliferation (Fig. 15) . Additionally, knockdown of Lin28a, Ascl1a, or Stat3 dramatically reduced TNF␣ expression only in the Müller glia, suggesting that TNF␣ is a signal produced by the PPMg to induce the SPMg to proliferate in a Stat3-dependent manner. Consistent with that hypothesis, knockdown of TNF␣ expression after 16 h of light significantly reduced the number of proliferating Müller glia or clusters of proliferating INL cells. These data indicate that TNF␣ is required for Müller glia to become responding progenitor cells, which enter the cell cycle, but not for the subsequent proliferation and expansion of the retinal progenitors.
While knockdown of TNF␣ expression significantly reduced the number of proliferating Müller glia during the light treatment, the number eventually recovered and the rods and cones regenerated (Fig. 11) . This suggests that TNF␣ expression may increase after the transient morpholino-mediated knockdown ends. However, this TNF␣ expression would have to come from cells other than dying rods and cones, which are largely lost by 3 or 4 d of light damage. These TNF␣-expressing cells could be the few remaining photoreceptors or some other retinal cell type that produces sufficient TNF␣ to induce the delayed Müller glia proliferation response. Alternatively, a delayed signal other than TNF␣ may induce Müller glia to re-enter the cell cycle, although the identity and source of this signal is unknown.
Morpholino-mediated knockdown of HB-EGF in puncturedamaged retinas and injecting human HB-EGF into undamaged eyes demonstrated that HB-EGF was both necessary and sufficient for Müller glia proliferation (Wan et al., 2012) . Because hb-egf was expressed in Müller glia rather than damaged neurons (Wan et al., 2012; Fig. 14) , it was unlikely to be required for TNF␣ expression in the dying neurons. To confirm this, we tested if HB-EGF-induced proliferating Müller glia in the undamaged retinas induced TNF␣ expression. However, we could not induce Müller glia proliferation by intravitreal injection of HB-EGF into undamaged retinas. There are several reasons why our results differed from those of Wan et al. (2012) . We used a sapphire blade to make an incision in the eye and inserted the needle through the opening to avoid the blunt force trauma of forcing the needle to penetrate into the eye. Further, we used a blunt needle rather than a beveled needle (Wan et al., 2012) . The latter requires the needle to be inserted beyond the beveled edge to successfully inject the solution into the vitreous, which could damage the retina. Finally, injecting 2.0 l of 100 ng/l HB-EGF (Wan et al., 2012) , which is greater than the adult intravitreal volume (Fimbel et al., 2007) , could result in high intraocular pressure and retinal damage. Because of this concern, we injected either 1.0 l of 200 ng/l or 2.0 l of 100 ng/l recombinant HB-EGF solution into the vitreous, which represents the same amount of recombinant HB-EGF described previously (200 ng; Wan et al., 2012) . While injecting either HB-EGF volume resulted in some solution flowing out of the vitreous, neither volume induced significant numbers of proliferating Müller glia relative to controls. It is possible that injecting 2.0 l without the prior incision minimized the outflow and significantly increased the intraocular pressure. Some combination of these differences likely resulted in retinal stress or damage and HB-EGF could be (C, D) . The eyes were collected at 1 (A, C) and 3 (B, D) dpi and processed for immunolabeling with anti-PCNA antibodies to detect the nuclei of dividing cells and To-Pro-3 nuclear stain (A-D, green and blue, respectively). Dark-adapted albino zebrafish were placed in constant intense light for 0, 16, 36, 51, and 68 h. Total RNA was isolated from the retinas and the hb-egfa and ␤-actin cDNAs were amplified by RT-PCR and analyzed by gel electrophoresis (E). Dark-adapted albino zebrafish were exposed to constant intense light for 0 h (F ), 36 h (G), or 51h(H ) h and retinal cryosections were in situ hybridized with hb-egfa antisense riboprobe and counterstained with To-Pro-3. Low levels of hb-egfa were detected in the INL at 0 h. In the light-damaged retinas, hb-egfa was detected in both the INL and the OPL (G, arrows and arrowheads, respectively). sufficient to induce Müller glia proliferation under these conditions (Wan et al., 2012) .
Because HB-EGF was not sufficient to induce Müller glia proliferation in the undamaged retina, we tested if it was necessary for Müller glia proliferation in the light-damaged retina to examine the relationship of HB-EGF and TNF␣. We injected and electroporated hb-egfa morpholinos into the retina immediately before starting the constant light treatment and found that it failed to significantly reduce the number of proliferating Müller glia relative to the Standard Control morphant retina (data not shown). While this difference between our result and Wan et al.
(2012) could be due to the different damage models, HB-EGF is not required for inducing Müller glia proliferation in response to photoreceptor damage.
Ouabain damage to inner retinal neurons (Fimbel et al., 2007) increased TNF␣ expression in ganglion and INL cells at 1 dpi and in Müller glia by 3 dpi. Knockdown of TNF␣ before ouabain injection resulted in significantly fewer proliferating Müller glia relative to controls, suggesting that TNF␣ stimulates Müller glia to re-enter the cell cycle in response to retinal damage. However, numerous PCNA-positive Müller glia are present in the tnf␣ morphant retinas 3 d after ouabain injection (Fig. 13D ). This suggests that at least one other unidentified TNF␣-independent signal induces Müller glia proliferation.
The mechanism by which TNF␣ induces Stat3 expression in all Müller glia and Ascl1a in only proliferating Müller glia remains unclear Nelson et al., 2012) . While TNF␣ expression may stimulate Stat3 expression in all Müller glia, it is unclear why Ascl1a, which lies downstream of TNF␣ but upstream of Stat3 , is expressed in only the proliferating Müller glia. It is possible that a regulatory loop exists between Stat3 and Ascl1a. Alternatively, TNF␣ may function with another retinal damage signal to differentially induce Ascl1a expression in only proliferating Müller glia and Stat3 in all Müller glia. The identification of the TNF␣ receptor(s) and intracellular proteins regulated by the TNF␣-bound receptor(s) will elucidate this mechanism. Ultimately, identifying the signaling pathways involved in Müller glia dedifferentiation and proliferation in the regenerating zebrafish model may reveal important mechanisms and therapeutic targets for enhancing mammalian retinal regeneration. Properly regulating these pathways may potentially induce Müller glia dedifferentiation and proliferation or promote exogenous pluripotent cells to actively and correctly regenerate lost neurons in the diseased or damaged human retina.
